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ABSTRACT
Small satellites have played a role in operational meteorology in the early space days, and were soon overtaken by
larger and more capable polar and geostationary platforms. Improvements in the capabilities of small satellites
deployed in constellations, and innovative payload and measurement techniques have changed that in the past
decade. A group of smaller satellites can now offer abilities, which can not be achieved with single satellites,
whatever their size. The FORMOSAT-7/COSMIC-2 is a joint program underway between Taiwan and US to serve
as the follow-on program of FORMOSAT-3/COSMIC. This mission aims to collect atmospheric/ionospheric
soundings globally through a constellation system of 12 satellites. Although FORMOSAT-3/COSMIC was not
expected to be an operational mission, its data have been well recognized and injected into various numerical
weather prediction models by several major weather forecasting centers. Hence, FORMOSAT-7/COSMIC-2 is
further defined as an operational constellation system to continue the provision of Global Navigation Satellite
System (GNSS) Radio Occultation (RO) data to the global users. In this paper, the framework and mission
architecture of the FORMOSAT-7 /COSMIC-2 joint program are introduced. The role and responsibility of the joint
team to be implemented by National Space Organization (NSPO) in Taiwan and National Oceanic and Atmospheric
Administration (NOAA) in US are also elaborated. The top-level mission baseline has been established and the joint
team has been proceeding with the task on mission design and system interfaces. Finally, the NSPO-Built satellite
that NSPO plans to develop indigenously in parallel to this joint mission is briefly introduced.
INTRODUCTION
Small satellites played a role in operational
meteorology in the early space days, and were
overtaken by larger polar and geostationary platforms.
Improvements in the capabilities of small satellites
deployed in constellations, and innovative payload and
measurement techniques have changed that in the past
decade. A group of smaller satellites can now offer
abilities, which can not be achieved with single
satellites, whatever their size. The FORMOSAT3/COSMIC-1 constellation is a collaborative project
between Taiwan and the USA has been highly
successful in providing measurable improvements in
operational weather forecasting, whilst also providing a
useful source of data in support of meteorological
science, climate science and ionospheric science. The
partners in this project, the National Space Organization
(NSPO) of Taiwan and the National Oceanic and
Atmospheric Administration (NOAA) have agreed to
continue and expand the system through the
deployment
of
the
FORMOSAT-7/COSMIC-2
constellation of small satellites. The constellation is
under manufacture and is planned to be launched
starting in late 2015.
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The space system employs Radio Occultation
measurements of Global Navigation signals to gain high
resolution measurements of the atmosphere and
ionosphere on a global basis, with latency and accuracy
suitable for operational weather forecasting. It is
considered to be amongst the most effective means of
providing weather forecast information after the more
conventional Geostationary and Polar imaging
satellites. The FORMOSAT-7 constellation will
comprise 12 satellites each in an individual orbit plane,
to provide around 8000 measurement points per day
distributed across the entire Earth surface. In addition to
the customer furnished payload, the mission will carry
additional science payloads providing synergy with the
primary mission..
MISSION DESIGN CONCEPT
The concept of the meteorological mission was
demonstrated on the highly successful FORMOSAT3/COSMIC-1 mission, which comprises 6 satellites 1.
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regions. The second constellation of six satellites will
be launched into a higher inclination orbit offering
better high latitude coverage.

The spacecraft employ GPS Radio Occultation
techniques, whereby a LEO satellite tracks the signal
from rising and setting global navigation satellites.
When comparing signals received direct, and those
which have been affected by the atmosphere, it is
possible to obtain temperature and moisture content
profiles with much improved vertical resolution over
the more conventional microwave sounders employed
by polar weather satellites. Such high resolution
profiles translate to higher accuracy medium range
weather forecasts, and are also employed for in better
forecast of hurricane, cyclone, and typhoons.

Figure 2: FORMOSAT-7 constellation
The individual spacecraft in each inclination are then
spread evenly in Right Ascension of the Ascending
Node so that each spacecraft is in an individual orbit,
and together they will provide an even global
distribution of measurements

Figure 1: Radio Occultation Concept

Table 1:

Although several individual satellites have been
launched with similar payloads, in order to obtain a
significant global distribution of measurements a
number of coordinated satellites are required in
constellation.

Altitude (km)
Inclination (deg)
Spacecraft

The FORMOSAT-3/COSMIC-1 constellation system
works well, and is now still operational but well beyond
its design life. The system is widely used by over 1000
registered users in over 50 countries and worldwide,
many in meteorological agencies. A follow-on system
is becoming critical to be deployed to avoid degradation
in medium range weather forecasting. The original
system operated in an inclined orbit, which causes the
measurements distribution to be skewed towards higher
latitudes. The FORMOSAT-7 2 mission concept is
designed to be able to return a larger number of
measurement points per day with a more equal
distribution, by launching two constellations of 6
spacecraft into different inclinations. The first six will
be launched into a low inclination orbit which provides
better coverage over equatorial and low latitude

da Silva Curiel

RAAN
Expected launch
date

Constellation orbit parameters
Launch #1

Launch #2

720

550

24.5 – 28

72

6

6

Spread

Spread

2016

2018

Once on station, the spacecraft phasing will be
maintained relative to others in the same group.
SPACECRAFT DESIGN CONCEPT
The spacecraft development is both challenging from a
technical and programmatic view. As an operational
system, heritage of design is important, and the
schedule must be maintained to ensure that the in-orbit
system is replaced in time to provide data continuity.
The spacecraft are designed to be launched in two
groups of six, and each group must fit within the fairing
and mass capability of a small launcher. This provides
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The resulting spacecraft avionics block diagram is
shown in Figure-1.

particular design challenges for the primary structure
and launch adaptor, in order to stay within the available
mass budget. The payloads require largely unobstructed
fields of view covering almost all directions. Together
with the tight launcher accommodation, this constrains
the possible spacecraft shapes, and the locations of
payloads, sensors and solar panels. Following injection
of the group of satellites into orbit, they must be
separated into individual, non sun-synchronous orbit
planes following orbit injection. This introduces
additional design challenges in the implementation of
the thermal control and power generation sub-systems.

The first batch of spacecraft are to be launched into a
low inclination orbit near 28 degrees with an
operational orbit height of 550km. The next batch of
spacecraft will need to operate in a higher inclination
orbit or 72 degrees at 720km altitude. The mission
payload will be flown on all spacecraft, and the science
payloads for the first batch of spacecraft is selected to
be the Velocity, Ion Density and Irregularities (VIDI)
and an RF beacons instrument in support of ionospheric
science. The second batch of spacecraft may carry
alternative secondary scientific payloads. These factors
also place constraints on the system budgets which will
need to satisfy both these orbits in order to provide
efficiency savings in the batch production run.

Several launchers are under consideration, and the
description in this section addresses the most
constraining situation which is based on a launch on the
Minotaur-IV launcher. Several approaches were
considered, including stacked and segmented design
concepts. The latter design was found to be most mass
efficient. The spacecraft is a compact design, and a key
feature is the degree of internal redundancy and fault
tolerance which is retained from the standard SSTL
spacecraft bus avionics. The structural design is
optimised for fitting the smallest available launch
volume, and can be packed efficiently within the
Minotaur-IV launcher. It employs a carbon composite
structure with integral strongback launch support. The
same design is fully compatible with the other launch
options, and can be mission optimised in the event that
a greater launch volume becomes available.

The mission payload requires unobstructed views to the
Earth limb from the two main occultation antennas, as
well as unobstructed views from the Precision Orbit
Determination (POD) antennas. Furthermore, the
science payloads also require large unobstructed views.
This leaves very little opportunity for power generation,
and has required the use of a 2-axis actuated solar array.
This array can not always be optimally pointed for
power generation in order to avoid encroaching on the
payload fields of view.
Initial power and thermal analysis have been performed
to ensure operation through the large seasonal
variations in the eclipse periods for the higher
inclination orbit, and mission analysis has been carried
out including the separation analysis following
deployment from the launcher to ensure there is no recontact between spacecraft.

The FORMOSAT-7 constellation will need to use the
same mission control and mission operations ground
system network as is being used for the FORMOSAT-3
system. The heritage baseline employed for the
spacecraft is the SSTL-100 bus, which has been used on
numerous previous missions, and has most recently
flown on the UK-DMC2 and Deimos-1 mission. This
avionics set provides a large degree of redundancy
commensurate with mission lifetimes beyond 5-years.
This bus is modified in some areas according to mission
specific requirements.

The resulting spacecraft bus is well suited for other
constellations or single satellite missions, provides very
high payload mass fraction, and exceptional power
fractions for the size of the spacecraft. The key
parameters are shown in Table 1 below.
ALTERNATIVE SPACECRAFT DESIGN

The propulsion system is based on heritage space
components, and uses a monopropellant hydrazine
system. Four thrusters are employed in order to permit
spacecraft attitude control during propulsive
manoeuvres. Larger reaction wheels are employed to
provide adequate control authority. Finally, star
cameras are included to improve the attitude knowledge
in support of the scientific payloads. One efficiency
saving has been implemented by sharing capabilities
across the redundant On-Board Computers and
redundant star camera processors, resulting in the need
for just three computers.
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Another launch candidate is the EELV-Grande launch
configuration. This configuration provides a much more
generous mass and volume allocation for the platform
avionics.
The spacecraft is a simple box shape, and launched in a
group in horizontal mounting. This configuration
allows a more conventional design to be
accommodated, without the need for extensive mass
optimization and miniaturization.
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Figure 3: FORMOSAT-7 ESPA-Grande compatible
design
As shown in the system block diagram, the avionics
features a largely dual redundant configuration.
Table 2:
Parameter
Dimensions (m)

Constellation orbit parameters
Launch #1
Launch #2
1 x 1.25 x 1.25

Launch Mass, wet
(kg)

290kg

Spacecraft Power

225W

Attitude Control

3-axis
Knowledge <0.07deg (3-sigma)
Control <1deg (3 –sigma)

Orbit Control

Communications

Design life
Payload support

Figure 4: Solar array
CONCLUSIONS
Small satellites in constellations can provide significant
improvements in weather forecasting capability. The
FORMOSAT-3/COSMIC
system
has
already
demonstrated that a constellation of Radio Occultation
satellites can provide significant impact and is, for
relatively low cost, and is complementary to the
conventional polar and Geostationary meteorological
missions.

Hydrazine Monoprop
~140m/s
GPS orbit determination
S-band TM/TC
32kbps uplink
2Mbps downlink
5 years
>2Gbits data storage
40kg
95W OAP

FORMOSAT-7/COSMIC-2 will be an improved system
designed to provide operational weather forecasting
services.

The spacecraft will experience solar beta angles of up to
±85 degrees, and when coupled with the extensive
fields of view of the payloads, this drives the
requirement for a two-axis tracking solar array.

The spacecraft design is highly challenging, primarily
driven by the most constraining launch option. The first
batch of satellites will provide continuity of service
across low latitude regions, with mid and higher
latitudes served by the second batch of satellites .

This ESPA-Grande configuration reduces the
obscuration of payloads with the spacecraft solar array,
as it is possible to space out the payloads further.
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Figure 5: FORMOSAT-7 spacecraft system block diagram
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Table 3:

FORMOSAT-7 spacecraft design

FORMOSAT-7 Spacecraft design
Spacecraft capability
Dimensions
Launch Mass (wet)
Total Power Peak / OAP
Battery Capacity
Attitude

Propulsion
Communications

Navigation
Redundancy
Design life
Reliability
Availability
Launch Compa tibility

Design features

963x621x2257mm
215kg (max)
325W / 325-205W
22.5A-hr, 28V
3-axis
Knowledge <0.07deg (3sigma)
Control <1deg (3-sigma)
205 m/s
S-band TM/TC, 32kbps
uplink,
up to 2Mbps downlink
GPS
La rgely dual redundant
5 years
>66%
>95%
Minotaur-IV,
Falc on-9,
EELV-c lass (e.g. Atlas-5,
Delta-IV)
For use in batch la unch
For use in constellation

Payload capability
Payload Mass
Power – OAP
Data Storage

39.4kg
95W
2Gbit at End of Life

La unch A dapte r

Te the re d R ing

POD
Anten na
P OD
A ntenn a

Occultation
Anten na

O ccu lta tio n
A ntenn a

RF Beaco n se nsor
e lectr onics (i nside
structure)

TriG Receiver

LNAs
( inside structu re)

VIDI
(SP LP)

LRRs (o n nadi r p anel
besid e RF bea co n vo lume)

RF B eacon
(dep loyed
volume)

+Z
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VIDI
(IVM)
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